In a previous study, we have identified an avian 100 kDa membrane glycoprotein that we called BEN and demonstrated that it is transiently present in the CNS and PNS on the cell somas and axons of neurons that establish the peripheral neuronal circuitry.
We report here that in the developing chick cerebellar system BEN is selectively expressed on fibers whose ingrowth and synaptogenesis pattern corresponds to that described for climbing fibers. We have constructed quail-chick chimeras in which the chick mesencephalon and anterior metencephalon were replaced by their quail counterparts, thus generating a cerebellum and mesencephalon exclusively composed of quail cells whereas the main nuclei emitting afferent fibers to the cerebellar cortex were of chick origin. Then, using species-specific monoclonal antibodies we were able to show in double staining experiments that BEN protein is specifically expressed on fibers arising from the inferior olivary nucleus. The spatiotemporal pattern of BEN expression on the climbing fibers leads us to propose that this molecule is associated with the growth of these fibers and with the establishment of synapses between them and the Purkinje cell dendritic tree.
We have recently described a novel membrane glycoprotein whose pattern of expression is developmentally regulated in the nervous system of avian embryos (Pourquie et al., 1990) . During ontogeny, expression of this protein is restricted to the period when ingrowing growth cones and axons actively establish the peripheral neuronal circuitry. The protein, known as BEN , is recognized by a monoclonal antibody (anti-BEN mAb) that was generated in mice against surface determinants of the epithelial component of the bursa of Fabricius (Pourquie et al., 1990) . In the embryonic nervous system, this antibody recognizes several types of neurons whose axons proj-ect to the periphery. These include the motor neurons of the brain and spinal cord, sensory neurons of dorsal root ganglion (DRG), cranial ganglia, the sympathetic ganglia, and the neurons of the enteric nervous system. Downregulation of BEN first occurs in cell bodies, during the period of synaptogenesis, and subsequently spreads to axons and terminals. BEN is expressed at the surface of neurons as evidenced by staining of living cell suspensions, and this molecule bears the HNK-1 epitope (Pourquie et al., 1990) which is thought to be implicated in regulation of cell adhesion (Klinemund et al., 1988) . These observations have led to the hypothesis that BEN might play a role in the cell/cell or cell/matrix interactions that lead to the establishment of the peripheral axonal network.
BEN protein is also present in the brain and in the cerebellum, where its pattern of expression was found to be intriguing. The embryonic development of the cerebellum, well described by Ramon y Cajal(19 1 l), has subsequently been characterized in several species, including birds (Ramon y Cajal, 19 11; Mugnaini, 1969) . Two afferent systems connect the cerebellar cortex to the rest of the brain: mossy and climbing fibers. Mossy fibers originate from various precerebellar nuclei, such as the pontine nuclei, as well as the reticular formation, the spinal cord, and various other sources (Eccles et al., 1967) . These are myelinated fibers that make a peculiar type of synaptic contact with the axons of Golgi cells and dendrites of granular cells (glomeruli) in the internal granular layer. Climbing fibers, on the other hand, are considered as arising exclusively from the neurons of the inferior olivary nucleus. The behavior of growing climbing fibers, first described by Ramon y Cajal (19 1 l), has been documented in various species by a number of workers (for a review, see Brodal and Kawamura, 1980; Mason, 1987) . These fibers undergo a complex program of development. Initially they form a nest ("ni&') around the Purkinje cells before climbing on apical dendrites to synapse on dendritic ramifications.
The present study was aimed at investigating the expression of BEN during the ontogeny ofthe avian cerebellum. The monoclonal antibody directed against the BEN glycoprotein (anti-BEN mAb) was used on sections of chick brains at increasing developmental stages. BEN immunoreactivity was found to be strictly associated with fibers whose spatial and temporal developmental pattern corresponds to those of climbing fibers.
As opposed to mammals where the period of climbing fiber ingrowth takes place during the early postnatal period, this process occurs in the chick during the second half of incubation (8-21 d) when the animal is hardly accessible to experimental manipulations. The use of quailxhick chimeras (Le Douarin, 1982) seemed particularly appropriate to investigate whether the BEN-bearing fibers were extrinsic in origin to the cerebellum. By using the quail-chick chimera experimental paradigm, it was shown in this laboratory that the presumptive territory of the cerebellum corresponds to the caudal half of the mesencephalon and tothe anterior metencephalon (Hallonet et al., 1990 ; M.E.R. Hallonet and N.M. Le Douarin, unpublished observations) . Moreover, using the same technique, Tan and Le Douarin (199 1) demonstrated that most of the inferior olivary nucleus, from which the climbing fibers originate, arises from the myelencephalon. It was then possible to construct chimeras in which the cerebellum would be quail and the climbing fibers chick. This was achieved by the substitution of the mesencephalon and rostra1 metencephalon of a chick embryo at the 12-somite stage by their counterpart coming from a stage-matched quail. This yielded chimeric animals whose cerebellum, optic tectum, and mesencephalic derivatives were entirely composed of quail cells whereas the afferent fibers to the cerebellar cortex originating from the inferior olivary nucleus (for the climbing fibers), the nuclei pontis lateralis and medialis, and the spinal cord (for the mossy fibers) were of chick origin. Chick fibers invading the cerebellum could then be evidenced by using a specific mAb directed against chick neuronal fibers (Takagi et al., 1988) . This led to the demonstration that climbing fibers express transiently the BEN protein during their ascension to the Purkinje cell layer of the cerebellar cortex. Surgery, quail-chick chimeras. Surgery was performed, as previously described (Le Douarin, 1982; Hallonet et al., 1990) on chick embryos at the 12-somite stage. Briefly, after removal of approximately 0.5 ml ofalbumin from the egg, a window was opened in the shell, and following the surgical procedure the window was closed with adhesive tape and the operated eggs were reincubated at 37S"C and 70% humidity. The transverse constrictions limiting the metencephalic vesicle from the myelencephalon caudally and the mesencephalon rostrally were used to define the limits of the operation. Isotopic and isochronic replacement of the chick mesencephalic vesicle and of the anterior part of the metencephalic vesicle by their quail counterparts was performed (see Fig.  6 ). Surgical dissociation of the neuroepithelium was done in both donor and recipient as described earlier (Hallonet et al., 1990) . Operated embryos were incubated until El0 and E15. Only the chimeras presenting a strictly normal appearance both at the gross anatomy and histological levels were retained for analysis.
Antibodies and biochemistry. The anti-BEN mAb, obtained as previously described (Pourquit et al., 1990) , is a mouse IgG 1. mAbs 37F5 and 39Bll are mouse antibodies. The supematants were kindly provided by Dr. Takagi (Dept. of Medicine, Tokyo Prefectural University). They recognize antigens expressed by chick neuronal somas (37F5 mAb) and chick axons (39Bll mAb), respectively, at the exclusion of any antigen of quail origin (Takagi et al., 1988) . A polyclonal antibody designated BENL2 was made in rabbit against BEN protein purified by means of an anti-BEN mAb affinity column. Affinity purification was carried out as described by Schneider et al. (1982) and Bastiani et al. (1987) . Briefly, 100 E5 chick embryos were used per column, which yielded about 20 pg of purified protein per column. The column eluate was precipitated in 20% trichloroacetic acid. For the first injection, the column eluate was run on a 7.5% SDS gel and blotted onto a Immobilon-P membrane with a semidry blotting apparatus (Ceralabo) as described previously (Dulac et al., 1988) . The membrane was then stained with 0.1% Coomassie blue and washed for 1 hr in water, and the band corresponding to the protein was cut out, dried, and placed into the spleen of a 4-month-old female rabbit anesthetized with pentobarbital (1 ml/kg). Subsequent injections were performed at 3 week intervals with 20 pg of protein (resuspended in PBS) electroeluted with a BioRad electroeluter according to the manufacturer's instructions. The second boost was injected into the ear vein, and the third one by injection into the spleen, under anesthesia. The rabbit was bled 10 and 14 d after the third injection, and the IgG fraction of serum was purified using the Bio-Rad IgG purification kit. Specificity of the polyclonal antibody to the purified protein was assessed on Western blot and on tissue extracts from chick and quail (see Fig. 5 ). Immunofluorescence using this antibody demonstrated colocalization with the anti-BEN mAb (see Fig.  7 ). The working dilution of the polyclonal antibody was l/1000 in PBS.
Histological and immunocytochemical procedures. For the ontogenetic study of BEN expression, the heads of young embryos (up to ElO) or whole dissected brains from El 1 to 6 months were fixed in Camoy's solution and embedded in paraffin. Peroxidase immunocytochemistry was carried out on 5 pm serial sections as described in PourquiC et al. (1990) . Some chimeras were studied after staining sections with cresyl violet and according to the Feulgen-Rossenbeck procedure to identify the quail nuclear marker and thus to examine the extent of the territories deriving from the graft. Other chimeras were studied using immunocytochemical methods. Dissected brains of El0 and E 15 chimeras were fixed overnight in 4% paraformaldehyde in PBS, rinsed for 24 hr in PBS and left overnight in PBS plus 20% sucrose, embedded in Tissue Tek, and frozen in liquid nitrogen. Analysis of chimerism was done by staining a series of three slides on which consecutive serial sections 15 pm thick were collected. The first slide was treated with 39Bll mAb (which recognizes chick axons); the second, with 37F5 (which stains chick neuronal somas). Both antibodies were revealed with a peroxidasecoupled anti-mouse IgG antibody (immunostaining was carried out as for the paraffin sections). The third slide was double stained using the anti-BEN mAb directly coupled to fluorescein isothiocyanate (FITC) and 39Bll revealed with a goat anti-mouse IgG coupled to Texas red (Southern Biotechnology Associates). All the sections were simultaneously stained with the Hoechst nuclear stain (33258) to visualize chick and quail nuclei. The slides were mounted in 90% glycerol in PBS, with paraphenylenediamine (100 mg/ml), and stored at -20°C. As a control, some of the slides previously double stained with anti-BEN and 39Bll mAbs were restained with polyclonal antibody BENL2 and 39B 11 mAb. One month after, fluorescence from the first series of staining had vanished. These sections were then treated first with a donkey anti-goat Ig antibody coupled to rhodamine isothiocyanate (Nordic) to show the 39Bll reactivity as a tertiary antibody. Subsequently, BENL2 was applied and revealed with a goat anti-rabbit antibody coupled to FITC (Nordic).
Results
Ontogenetic emergence of BEN glycoprotein in the chick inferior olivary nucleus and in precerebellar nuclei BEN expression was first detected at E9, in the inferior olivary nucleus, soon after the cells had migrated from the rhombic lip (E7) and settled in the ventral part of the rhombencephalon (Harkmark, 1954; Tan and Le Douarin, 199 1) . Strong expression of the protein was observed in the inferior olivary nucleus during late embryonic development and in early posthatched chicks, but immunoreactivity totally disappeared in the adult. At E12, immunoreactive fibers emanating from the inferior olivary nucleus were observed crossing the floor plate before changing their direction of growth to the contralateral side. Bourrat and Sotelo (1988) have described a similar situation regarding the direction of projections from the olivary nucleus in the rat. In the chick inferior olivary nucleus, immunoreactivity was essentially present on neuronal cell bodies ( Fig. 1) but was also observed on the dense meshwork of fibers in which the neurons were embedded.
Immunoreactivity was totally absent on the main precerebellar nuclei known to project to the cerebellar cortex regardless of stage (E5 to 6 months posthatching), that is, the nuclei pontis lateralis and medialis (Brodal et al., 1952) or the reticular formation. BEN immunoreactivity was never found on the spinocerebellar tracts of the spinal cord. BEN expression in the cerebellum during development E9. The granular layer had almost completely covered the cerebellar plates at this stage, and Purkinje neurons had completed their migration from the underlying ventricular epithelium (Hallonet et al., 1990) . BEN immunoreactivity could not be detected in the cerebellum. One day later, however, BEN expression was observed on fibers in the cerebellar peduncles as well as within the presumptive white matter of the cerebellum itself. At this stage, immunostaining was irregularly distributed in the zone located just beneath the external granular layer, where Purkinje cells were still randomly arranged.
El2 and E13. Immunoreactivity was more intense than at
El0 and continued to be observed on fibers of the cerebellar peduncles as well as on a meshwork of fibers in the future white matter. Maximum staining intensity could be discerned within discrete zones of the Purkinje cell layer, which was still multicellular at this stage.
El 5. The different components of the mature cerebellum were clearly recognizable, and anti-BEN immunoreactivity, which had increased in intensity, was particularly conspicuous on fibers in the cerebellar peduncles and white matter and was distributed in patches within the Purkinje cell layer ( Figs. 2A,D; 3A) . These patches were arranged in sagitally oriented stripes (Fig. 4) evoking the functional arrangement of olivocerebellar projections (Groenenwegen and Voogd, 1977) . This periodic arrangement of immunoreactivity observed at a given time was not uniformly distributed throughout the cerebellum possibly because of the dynamic aspect of expression of this protein (PourquiC et al., 1990 ) and because all parts of the cerebellum do not develop isochronically. At El 5, stained fibers in the white matter tracts had reached the internal granular layer where they ramified extensively to form the plexus that contacts the lower part of the Purkinje cell somas (Fig. 3A) . This plexus may correspond to the so-called lamina dissecans, a transient fiber-rich zone underlying.the Purkinje cell layer described in mammals (Rakic and Sidman, 1970; Marin-Padilla, 1985) . The Purkinje cells contacted by this plexus of fibers were aligned at this stage, although they were not yet perfectly polarized.
E18. At this stage, immunoreactivity had reached its peak in the cerebellum. Strongly stained fibers were seen in the white matter, and those entering the internal granular layer followed a sinuous trajectory (Fig. 2B,E) . Maturation of the cerebellar folia proceeded along a proximodistal gradient. In sagittal and parasagittal sections of the cerebellum, the relationships between the endings of climbing fibers and Purkinje cell bodies exhibited progressive stages of maturation: the supracellular stage ("en capuchon" according to Ramon y Cajal) was seen more proximally (Fig. 3C) , while the nest stage ("en nid" according to Ramon y Cajal) was more distal (Fig. 3B ).
El 9. Anti-BEN mAb labeling was no longer observed in fibers surrounding Purkinje cells. Immunoreactivity was still apparent in certain cerebellar areas where it was localized on the top of the Purkinje cell somas. In the molecular layer, there was conspicuous and diffuse staining associated with the terminations of climbing fibers when they made contacts with the dendritic tree of Purkinje cells.
Posthatched chick. The intensity of BEN immunoreactivity was much lower throughout the cerebellum (Figs. 2C',F; 30 ).
The strongest staining was observed in the molecular layer, but weakly stained fibers were also present within the white matter and internal granular layer. In the adult animal, only faint reactivity could be detected in the molecular layer.
Specific labeling of cerebellar afferent projections in quailchick chimeras Implantation ofthe mesencephalon and anterior metencephalon from quail to stage-matched chick embryos was performed as indicated on Figure 6A . Previous studies from our laboratory (Hallonet et al., 1990; Tan and Le Douarin, 199 1; Hallonet and Le Douarin, unpublished observations) have shown that the entire presumptive territory of the cerebellum is included in this brain area at the exclusion of most of the inferior olivary nucleus originating from the myelencephalon. Six operated embryos were observed at E 10 or E 15. Three of them were treated to evidence the quail nuclear marker by using Feulgen-Rossenbeck and cresyl violet staining procedures. It appeared that, as expected, the cerebellum, optic tectum, and the other mesencephalic derivatives were entirely composed of quail cells whereas the inferior olivary nucleus neurons appeared to be essentially of chick origin. Nerve fibers invading the quail cerebellum and originating from the chick territories could be identified by using the 39B 11 mAb, which recognizes chick neuronal fibers, while BEN glycoprotein was detected on the same specimens by double staining with either anti-BEN mAb or BENL2, a polyclonal antibody raised against immunopurified BEN protein (see Materials and Methods). BENL2 antibody recognizes, in Western blot, the same component as anti-BEN mAb (Fig. 5) , and its pattern of immunoreactivity is strictly similar with anti-BEN mAb (see Fig. 7 ). 39Bll mAb detects exclusively afferent fibers of chick origin in the quail cerebellum of these chimeras. Analysis of chimer&m was carried out by staining groups of three consecutive slides prepared as indicated in Materials and Methods (Fig. 6) . Observation of 37F5 mAb-stained sections in which exclusively somas of chick neurons were immunoreactive confirmed that the cerebellum was entirely composed of quail cells (Fig. 6B) . This was further substantiated by the use ofthe Hoechst nuclear reagent (Fig. 6C ).
El0 chimeras. Strongly immunoreactive fibers were detected with 39B 11 mAb in the cerebellar peduncles, in the prospective white matter (Fig. 7E) , and in patches located just beneath the In D can be observed fibers coming from the white matter (W&Z), crossing the internal granular layer (ZGL), and invading the Purkinje cell layer @'CL). The molecular layer (ML) and the external granular layer (EGL) are totally devoid of immunoreactivity. B and E-represent an E 18 cerebellum. In E, the reactivitv is still nresent in the white matter and-the internal granular layer and is particularly strong in the Purkinje cell layer around the cell bodies and on the top of Purkinje cell somas. This presumably corresponds to climbing fibers nest stage (single arrow) and to more mature supracellular stage (double arrow). No reactivity is present in the molecular layer and in the external granular layer. C and F, P2 cerebellum. In F, lower reactivity is detected in the white matter and the internal granular layer. At this stage, the maximal immunoreactivity appears to be in the molecular layer, where the climbing fibers are now ascending Purkinje cell dendrites. Scale bars: A, 200 rm; Band C, 330 rm; D and E, IO pm; F, 100 pm. external granular layer (Fig. 60) . Expression of BEN protein could be detected with anti-BEN mAb and BENL2 on virtually Discussion --__ .
all the 39Bll positive fibers (Fig. 7) ; however, since BEN expression was weak at that stage, it was not possible to ascertain whether all of the 39B 11 -positive fibers were double labeled.
El5 chimeras. BEN reactive fibers were detected in tracts within the white matter, surrounding Purkinje cells as well as on top of the Purkinje cell somas as described in the ontogenetic study carried out in normal chicks (Fig. 7) . In the chimeras, all the BEN-positive fibers were 39Bll positive. In some cases, 39B 11 -positive/BEN-negative fibers could be observed especially in the molecular layer. These very likely correspond to the final stage of climbing fiber maturation, when BEN immunoreactivity has considerably decreased.
BEN glycoprotein is expressed on climbingjbers in the chick cerebellum The distribution pattern of BEN expression observed in the cerebellum corresponds to that expected of climbing fibers. There are several reasons why this appears to be so. First, the neurons in the inferior olivary nucleus are strongly immunoreactive during climbing fiber axonogenesis. Second, the growth pattern of the BEN-positive fibers and their relationships with Purkinje cells correlate well with the known maturation stages of the climbing fibers as they were described by Ramon y Cajal and several authors since.
As suggested by Altman and Bayer (1978) and by Bout-rat and Sotelo (1988) , the arrival of the first fiber from the inferior olivary nucleus is a precocious event. Altman and Bayer (1978) even suggested that the external granular layer spreads over a fibrous layer that could be composed of climbing fiber terminations. Similarly, Mason et al. (1990) proposed that climbing fibers could provide a migratory substrate for Purkinje cells when they migrate from the subventricular zone. Our findings are in agreement with the described timing since we detect the first immunoreactive fibers at El0 in the cerebellar peduncles, the prospective white matter (Fig. 7E,F) , and as discrete patches in the area located beneath the external granular layer (Fig. 60) just at the time when the external granular layer is completing its spreading over the cerebellar plate. Moreover, at this stage and in this region, no structure known to project to the cerebellum, other than the inferior olivary nucleus, does express the BEN antigen. By E1.5, the cerebellar cortical layers are just becoming recognizable and immunoreactive fibers are observed crossing the internal granular layer and forming an extensive plexus beneath and surrounding the lower part of the Purkinje cell body as described in the mouse (Mason et al., 1990) when Purkinje cell alignment takes place. At this stage, immunoreactivity is maximal in the Purkinje cell layer and a sagittal arrangement of BEN-positive stripes can be detected (Fig. 4) as described for the pattern of the olivary projections in the rat (Groenenwegen and Voogd, 1977; Sotelo et al., 1984) . In the chick, such a sagittal organization has also been described in the cerebellum (Feirabend, 1990 By El 8, immunoreactive fibers enclose Purkinje cell somas, as in the "nid" or nest stage first described by Ramon y Cajal (Fig. 3B) . In more mature parts of the cerebellum, maximum reactivity appears to be relocated at the top of the Purkinje cell somas surrounding the base of the apical dendrite, as in the "cupuchon" stage ( Fig. 3C) , when the fibers ascend Purkinje cell dendrites. This is in agreement with the observations of Mugnaini (1969) , who detected the first growing terminal arborizations of climbing fibers in the chick from El 8 onward by electron microscopy.
The chimera experiments demonstrate that, in the cerebellum, BEN is exclusively expressed on afferent nerve fibers. When quail mesencephalon and rostra1 metencephalon were grafted into a chick, the whole cerebellum was of quail origin as shown Figure 3 . High-magnification photographs of sagittal sections of chick cerebellum from El 5 to P2 reacted with anti-BEN mAb. These pictures illustrate evolution of the BEN expression in the cerebellar cortex. A schematic drawing of a tentative interpretation of the staining is illustrated in the lower left corner, where relationships between climbing fibers and Purkinje cells are evidenced. Stained fibers are shown by a solid line; disappearance of the staining is illustrated by a broken line. A, E 15. The BEN-positive fibers coming out of the white matter ( WM) are arranged as a plexus contacting the bottom of the Purkinje cell somas (arrow), which are still imperfectly polarized at that stage. B, El 8. BEN-positive fibers are completely surrounding Purkinje cell somas (arrow) as in the nest stage described by Ramon y Cajal for the maturation of climbing fibers. C, E 18. In more mature parts of the cerebellum, the staining has disappeared from the cell body and is now restricted to the bottom of the emerging dendrite (arrow) of the Purkinje cell, as in the supracellular stage of Ramon y Cajal. D, P2. Reactivity has diminished and is essentially present in the molecular layer where the Purkinje cell dendrite is now well ramified (arrow). This phase corresponds to the terminal phase of maturation of the climbing fibers, that is, the ascension of the Purkinje cell dendrite. EGL, external granular layer; IGL, internal granular layer; ML, molecular layer; XL, Purkinje cell layer; WM white matter. Scale bars, 20 pm. . Double staining experiments on sagittal sections of cerebellum of E 15 (A-D) and E 10 (E, F) quail-chick chimeras illustrating the identity of the fibers recognized by BEN mAb, BENL2 polyclonal antibody, and 39B 11. A and B correspond to the same field. A corresponds to the 39B 11 reactivity characterizing the chick neuronal fibers. B illustrates anti-BEN mAb staining using the antibody directly coupled to FITC. A and B show the identity of the BEN-and 39Bl l-positive fibers observed in the Purkinje cell layer. C and D correspond to the same view of a slide restained with BENL2 antibody as described in Materials and Methods. C, 39Bll mAb. D, BENL2 polyclonal antibody. The reactivity observed is identical and corresponds to that expected from the ontogenic study. E and F show the same field in the white matter of the cerebellum of an El0 chimera stained with mAb 39Bll (E) and with BENL2 (0. EGL. external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer. Scale bars, 40 pm.
by means of chick-specific antibodies and of Hoechst and Feulgen-Rossenbeck nuclear stains (Fig. 6) . Only chick afferent fibers whose origins lie posterior to the anterior metencephalon or anterior to the mesencephalon such as the climbing fibers from the inferior olivary nucleus, and the fibers from the nuclei pontis lateralis and medialis and spinal cord, are recognized by the chick fiber-specific antibody 39Bll. Double staining with 39Bll and anti-BEN mAbs or BENL2 polyclonal antibody revealed an almost perfect overlap between the two immunoreactivities (Fig. 7) . This demonstrates therefore that BEN immunoreactivity is present on afferent fibers.
In chick as in mammals, two main afferent fiber systems have been described in the cerebellum: the climbing and the mossy fibers (Whitlock, 1952; Harkmark, 1956; Vogt-Nilsen, 1959; Mugnaini and Forstronen, 1967; Mugnaini, 1969) . The mossy fiber input is mostly derived from the pontine nuclei and various other sources such as the reticular formation and the spinal cord (Eccles et al., 1967) . We were not able to detect any BEN reac-tivity during ontogeny either on the avian homolog of the pontine nuclei (Brodal et al., 1952 ) the nuclei pontis lateralis and medialis, and on the spinocerebellar tracts originating from the spinal cord. The sequence of reactivity observed in the cerebellum does not evoke the steps previously described for mossy fiber maturation (Mugnaini, 1969; Mason and Gregory, 1984; Mason et al., 1990) . Namely, no immunoreactivity was ever observed at any stage in the internal granular layer that could be related to mossy fiber terminals. Moreover, in the rat, it was shown that mossy fibers reach the cerebellum much later than the climbing fibers (Altman and Bayer, 1978) . Since the relative timing of these processes is very likely to be identical in the avian class, the BEN-positive fibers invading the cerebellum as early as El0 cannot be considered of the mossy type.
BEN expression is associated with axonogenesis and synaptogenesis
We have previously reported the association of BEN expression with axonogenesis of peripherally projecting neurons (motoneurons, DRG neurons, parasympathetic and sympathetic neurons). In the olivocerebellar system, BEN expression is also associated with the phase of axonal elongation. First, it appears on olivary neurons very early in development (E8-E9), when the cerebellum is still rudimentary; then, as early as El 0, reactive fibers are detected in the cerebellar peduncles, in the white matter, and in the Purkinje cell area. Therefore, it can be concluded that climbing fibers are immunoreactive over their entire length at these early stages, that is, from the inferior olivary nucleus to the Purkinje cell layer. The situation begins to change at E 15 when at the "nid,' and "capuchon" stages, immunoreactivity decreases in the internal granular layer and in the white matter while remaining strong around the Purkinje cells and at the base of the apical dendrites. The next step is illustrated in the young chick, where only a diffuse and faint reactivity is present in the molecular layer where climbing fiber terminations are now contacting the Purkinje cell dendrites. At this stage, BEN expression is barely detectable in the internal granular layer or the white matter. Therefore, as reported for motor and sensory neurons, expression of BEN protein stops around the time of synaptogenesis and its disappearance proceeds in a centrifugal way from the cell body to the axon extremity. This situation for the cerebellum is schematized in Figure 3 . Like motor and sensory neurons, the downregulation of BEN on climbing fibers is concomitant with (Macklin and Weill, 1985) and might be related to the myelination process, a problem that we are presently investigating. It is worth noticing that strong anti-BEN immunoreactivity can be detected in suspensions of living neurons either from sympathetic ganglia or from ventral medulla oblongata (including the olivary nucleus), showing that this protein is expressed on the cell surface.
The already described distribution of various other cell surface glycoproteins during chick or mouse cerebellar development was compared to that observed for BEN. Ll and Ng-CAM, strongly expressed by the granule cell axons and by the fibers of the white matter tracts (Daniloff et al., 1986; Persohn and Schachner, 1987) were proposed to play a role in fasciculation events. Ll, which is not expressed by stellate and basket cells, seems to be specific for certain cerebellar neuronal subpopulations (Persohn and Schachner, 1987) . The different isoforms of N-CAM are also transiently present on certain cerebellar populations of neurons and glial cells (Persohn and Schachner, 1987; Hekmat et al., 1990 ) and neurofascin (Rathjen et al., 1987 ) is present on parallel fibers and on fibers of the white matter tracts. All the other proteins present on afferent fibers are also expressed on various other cell types in the cerebellum. It is remarkable that BEN is, so far, the only surface molecule specific for climbing fibers in the cerebellar system. This specificity raises the problem of the function of this protein, which bears the HNK-1 epitope (Pourquit et al., 1990) suggesting that it might be implicated in adhesion phenomena (Kiinemund et al., 1988) . On the basis of its temporal pattern of expression, one can assume that BEN glycoprotein is implicated in both axon elongation and synaptogenesis. Cessation of BEN synthesis would in this view be triggered by a signal arising from Purkinje cells once synaptogenesis of Purkinje cells on their dendritic tree is completed.
It is notable that this protein is expressed only on one of the two afferent cerebellar systems. The mossy fibers have their source in areas located at some distance from the cerebellar cortex. Like the climbing fibers, they are myelinated. However, the two types of fibers differ in the timing of their growth, which occurs later for the mossy fibers (Altman and Bayer, 1978) and in their mode of termination, which occurs within the glomeruli of the internal granular layer for the mossy fibers and within synapses on the Purkinje cell dendritic tree for the climbing fibers. If adhesion molecules are important for the progression of incoming fibers as they navigate to their targets within the developing brain, one can imagine that mossy and climbing fibers use different recognition systems.
If BEN antigen expression is associated with an active remodeling of synaptic contacts, its nearly continuous presence in the enteric nervous system would imply that not only the absence of myelination (see above) but also a high level of plasticity exists throughout life in the intrinsic innervation of the gut. These questions need to be further investigated before receiving a satisfactory answer. In any case, an important step toward the understanding of the potential role of BEN protein in the complex interactions leading to the establishment of connectivity in the brain would be to know the structure of the gene encoding this molecule and the regulations to which it is subjected during neurogenesis.
